Background/Aims: The current study compared the effects of intratracheal administration of different lipopolymeric vectors on lung function and histology in normal mice. Methods: Forty-eight
Introduction
Respiratory diseases are very common worldwide and affect a large population. New therapy strategies, such as gene therapy, have being developed for acute and chronic lung diseases. In respiratory system gene therapy, the common gene carriers (viral and nonviral vetors) must deliver the therapeutic gene to the lung cells efficiently and overcome barriers such as the lung architecture, pulmonary defense mechanisms and the presence of mucus [1] .
Marcelo Marcos Morales, MD, PhD, Universidade Federal do Rio de Janeiro, Instituto de Biofísica Carlos Chagas Filho -C.C.S., Laboratório de Fisiologia Celular e Molecular, Ilha do Fundão 21941-902 -Rio de Janeiro -RJ (Brazil) Tel. +55212562 6572, Fax +552122808193, E-Mail mmorales@biof.ufrj.br Nonviral vectors such as lipopolymeric agents have been considered as an alternative to viral vectors because they are less toxic, are easier to produce at low cost, and do not generate a specific immune response [2, 3] . Conversely, nonviral vectors are less stable in vivo and have low transfection efficiency.
The mechanism of gene delivery using lipopolymeric vehicles involves the following steps: the vectors bind to the cell surface by nonspecific, electrostatic interactions between the positively charged complexes and the negatively charged cell surface; vectors enter the cells by endocytosis or endocytosis-like mechanisms allowing the release of plasmid DNA in the cytosol; vectors enter the nucleus by passive DNA entry during cell division, when the nuclear membrane disintegrates temporarily, or by active transport of the DNA through nuclear pores [4] . DNA complexes must overcome a series of barriers to gain access to the membrane surface, cytoplasmic compartment, and nucleus of a target cell, and to translate transgene into protein. As particles encounter each of these barriers, they are subject to a certain probability of success or failure in overcoming each barrier to ensure transfer of the gene [5] .
Among the different delivery systems, liposomes, composed of photopolymerizable lipid 1,2-bis-(tricosa-10,12-diynoyl)-sn-glycero-3-phosphocholine (DC8,9PC), have proved to be highly stable in different media compared with the same nonpolymerized formulation, without developing cell toxicity after the polymerization process [6, 7] .
In the present study, we evaluate if lipopolymeric systems developed by our group cause an inflammatory response and lung injury and demonstrate if these vectors are able to delivery DNA to the lungs. For this purpose, we analyzed the impact of intratracheal instillation of 3 different liposome formulations on lung mechanics and histology, including the photopolymerizable lipid DC8,9PC, the saturated lipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), and the cationic lipids (CL) 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), stearylamine (SA), or myristoylcholine chloride (MCL) in a final 1:1:0.2 (DMPC:DC8,9PC:CL) molar ratio.
Materials and Methods

Liposome preparation
Polymerizable lipid DC8,9PC was obtained from Avanti Polar Lipids Inc. (Alabaster, AL, USA) and DMPC from Lipoid GmbH (Ludwigshafen, Germany). DOTAP and MCL were purchased from Toronto Research Chemicals Inc. (Ontario, Canada), and SA from Fluka (Buchs, Switzerland).
Liposomes were prepared according to Bangham et al. [8] . Briefly, lipids were dissolved in chloroform in a 1:1:0.2 molar ratio of DMPC:DC8,9PC:CL; the solvent was evaporated until a thin dry film was obtained. The film was flushed and evaporated with nitrogen until there was no residual chloroform and then suspended in distilled water. The suspension was extruded 15 times at 50 °C through 0.2 μm pore polycarbonate membranes, using a Mini Extruder from Avanti Polar Lipids, Inc.
Extruded vesicle polymerization
Diacetylenic vesicles were polymerized under 254 nm ultraviolet (UV) light (20 cycles of 360 mJ/cm 2 each), using a UV-Stratalinker 1800, Stratagene®. Temperature was maintained at 4 °C for 5 min between cycles.
UV-vis spectrophotometry
The polymerization process was evaluated by measuring the absorbance in the UV-visible (UV-vis) region after 20 polymerization cycles [7, [9] [10] [11] . The UV-vis absorption profile of the different samples was analyzed using a Nanodrop ND-100 spectrophotometer (Thermo Scientific) with a 1-mM final lipid concentration in the range of 400-700 nm. Lipid concentration was determined by a phosphate assay, accordding to Bartlet´s method [12] .
Light scattering
We determined the size of lipopolymers at 25 °C by measuring the autocorrelation function at a scattering angle of 90° in the 90 Plus/Bi-MAS Particle Size Analyzer (Brookhaven Instruments Corporation) instrument, with a light source of 632.8 nm and a laser power of 10 mW. Acquisition and data analysis were performed using the software provided by the equipment manufacturer (Brookhaven 90Plus Particle Sizing Instruments Software).
DNA purification
Plasmid DNA pDsRed2-N1 (4692 bp) (Clontech, CA, USA) was purified from Escherichia coli hosts using a Wizard® Plus Midipreps DNA purification system from Promega, following the instructions provided by the manufacturer. DNA concentration (absorbance at 260 nm (A 260 )) was determined using a Nanodrop ND-100 spectrophotometer (Thermo Scientific). All DNA used in this work presented an A 260 /A 280 ratio higher than 1.75.
Liposome/DNA complexes preparation Liposomes, whether polymerized or not, were incubated with plasmid DNA in a 16:1 ratio (moles of total lipid/moles of DNA base pairs). Briefly, plasmid DNA was mixed with the amount of liposomes necessary to get a 16:1 ratio in water and complex formation was allowed to occur for 30 min at 37 °C before use. Mice were anesthetized with sevoflurane, a 1-cm-long midline cervical incision was made to expose the trachea, and either microparticle or vehicle was intratracheally instilled with a microsprayer (intratracheal aerosolizer, IA-1C S/M-551 Model, Penn-Century, Inc., Philadelphia, PA, USA) attached to a FMJ-250 high-pressure syringe (Penn-Century, Inc., Philadelphia, PA, USA). The cervical incision was closed with 5.0 silk suture and the mice were returned to their cage. Animals recovered rapidly after surgery.
Animal preparation and experimental protocol
Mechanical parameters
Twenty-four hours after the intratracheal instillation, animals were sedated (diazepam 1 mg intraperitoneally (ip), anesthetized (thiopental sodium 20 mg/kg ip), tracheotomized, paralyzed (vecuronium bromide, 0.005 mg/kg intravenously), and ventilated with a constant flow ventilator (Samay VR15; Universidad de la República, Montevideo, Uruguay) with the following parameters: frequency of 100 breaths/min, tidal volume (V T ) of 0.2 ml, and fraction of inspired oxygen of 0.21. The anterior chest wall was surgically removed and a positive end-expiratory pressure of 2 cmH 2 O applied. Airflow and tracheal pressure (P tr ) were measured [13] . Lung mechanics were analyzed by the end-inflation occlusion method [14] . In an open chest preparation, P tr reflects transpulmonary pressure (P L ). Briefly, after end-inspiratory occlusion, there is an initial fast drop in P L ( P 1 ) from the preocclusion value down to an inflection point (P i ), followed by low pressure decay ( P 2 ), until a plateau is reached. This plateau corresponds to the elastic recoil pressure of the lung (P el ). P 1 selectively reflects the pressure used to overcome the airway resistance. P 2 reproduces the pressure spent by stress relaxation, or viscoelastic properties of the lung, together with a small contribution of pendelluft. Static lung elastance (E st ) was determined by dividing P el by V T . Lung mechanics measurements were performed 10 times in each animal. All data were analyzed using ANADAT data analysis software (RHTInfoData, Inc., Montreal, Quebec, Canada).
Lung histology
A laparotomy was done immediately after the determination of lung mechanics and heparin (1000 IU) was intravenously injected into the vena cava. The trachea was clamped at end-expiration, and the abdominal aorta and vena cava were sectioned, yielding a massive hemorrhage that quickly killed the animals. The right lung was then removed, fixed in 3% buffered formaldehyde and embedded in paraffin. Slices were cut (4-μm thick) and stained with hematoxylin-eosin. Lung histology analysis was performed with an integrating eyepiece with a coherent system consisting of a grid with 100 points and 50 lines (known length) coupled to a conventional light microscope (Olympus BX51, Olympus Latin America-Inc., Brazil). The volume fraction of collapsed and normal pulmonary areas and the number of mononuclear and polymorphonuclear cells in pulmonary tissue was determined using the point-counting technique [15, 16] across 10 random, non-coincident microscopic fields [13, 17] .
DNA extraction and real-time polymerase chain reaction
DNA extraction was performed using QIAamp® DNA Mini and Blood Mini Kit (Qiagen, GmbH, Hilden, Germany) to detect the plasmid DNA from lung tissue. Central slices of left lungs were cut, collected in cryotubes, quick frozen by immersion in liquid nitrogen, and stored at -80 °C. Polymerase chain reaction (PCR) primer for the target genes were purchased (Invitrogen, Carlsbad, CA). The following primers were used: DsRed 5'-CCC TAC GAG GGC CAC AAC AC-3' (forward) and 5'-GTG GAT CTC GCC CTT CAG CAC-3' (reverse), acidic ribosomal phosphoprotein P0 (36B4) 5'-CAA CCC AGC TCT GGA GAA AC-3' (forward) and 5'-GTT CTG AGC TGG CAC AGT GA-3' (reverse), used as reference gene. Relative DNA levels were measured with a SYBR green detection system using ABI 7500 real-time PCR (Applied Biosystems, Foster City, CA).
All samples were measured in triplicate
Statistical analysis
Normality of the data was tested using the KolmogorovSmirnov test with Lilliefors' correction. The Levene median test was used to evaluate the homogeneity of variances. The effects of lung mechanics and morphometry were assessed using one-way analysis of variance followed by the Tukey post-hoc test. All data are expressed as mean±SEM. All tests were performed using the SigmaStat 3.1 statistical software package (Jandel Corporation, San Raphael, CA, USA). Significance was established at p<0.05.
Results and Discussion
To better understand this study we divided it into two steps: (1) characterization of the different lipopolymeric vectors; and (2) analysis of lung function and inflammation, and the DNA delivery in animals instilled intratracheally with different the liposome/DNA complexes under study.
In the first step, we tested liposomal systems composed of polymerizable DC8,9PC and saturated . When polymeric units are completely formed, after being subjected to 20 polymerization cycles [9] , the polymer backbone shows strong absorbance in the visible region of the spectrum [11] and the degree of polymerization of the membrane is related to both the magnitude and the wavelength of visible absorbance peaks [7, 10] . A scheme of the polymer formed is shown in Fig. 1 . It has been previously reported that the use of polymerizable lipids in different liposomal formulations improves system stability after polymerization [18] [19] [20] [21] . In the particular case of DC8,9PC, a photopolymerizable lipid, it has been demonstrated that systems containing this particular lipid present enhanced stability after polymerization compared with the same nonpolymerized system in different media [7] . Moreover, polymerization led to a surface modification in such a way that less bovine serum albumin (BSA) was bound compared with the nonpolymerized system [9] . Although it has been demonstrated that polymerization does not lead to an increase in the system's cytotoxicity in vitro, little is known about system toxicity in vivo, particularly when administered directly into lungs.
The maximum absorbance wavelength depends on the number of polymer units electronically coupled. Absorbance around 480 nm corresponds to shorter polymers and absorbance around 520 nm to longer conjugation of cross-bridges formed between linear polymers through intra-and inter-molecular C-chains [10, 19] . According to Ahl et al. [19] , the amount of polymeric units can be calculated from the maxima detected in the Table 1 . Maximum detected in the UV-vis spectra for the different formulations and their correlation with the amount of polymeric units calculated according to Ahl et al. [19] . UV-vis spectra. Table 1 shows the maxima observed for each system and the corresponding amount of polymeric units.
As can be seen from the values listed in Table 1 , the addition of CL does not seem to affect the length of the polymeric units generated, each consisting of about 6-9 units. The 3 formulations were found to be equivalent for the length of polymer generated.
On the other hand, an important parameter to be considered is the size of the vesicles obtained, whether they are polymerized or not. To this end, measurements were performed using dynamic light scattering. Fig. 2 shows the results obtained for the different formulations and conditions.
The graphs shown in Fig. 2 are very useful for studying the different population sizes in the prepared sample. As can be seen in Fig. 2 for DMPC:DC8,9PC:DOTAP (1:1:0.2) and DMPC:DC8,9PC:SA (1:1:0.2) (Fig. 2a and b,  respectively) , no significant differences in sizes were found between polymerized and nonpolymerized vesicles, and the sizes of the whole liposome population were between 100 and 1000 nm. In the case of DMPC:DC8,9PC:MCl (1:1:0.2), the polymerized sample had a similar behavior to those described before, but the nonpolymerized sample presented a population of around 20% with sizes between 1000 and 5000 nm (see Fig. 2c ). The second step was to evaluate the survival rate, the lung function and inflammation, and DNA delivery. Thus, the animals underwent intratracheal instillation and these parameters were analyzed 24 h later. Fig. 3 shows the survival rate of the animal groups. The survival rate was 100% for all groups until 24 h. After 24 h the survival rate was 50% in group D, 40% in groups E and F, and 100% in the CTRL, DNA, A, B and C groups (Fig. 3) . Animals from groups D, E, and F that died showed lung capillaritis (Fig. 4) . The features of pulmonary capillaritis included capillary wall necrosis with neutrophil infiltration, interstitial erythrocytes, and interalveolar septal capillary occlusion by fibrin thrombi [22] . This result was in agreement with Freimark et al. [23] who observed cytokine production and cellular influx in the airway after intratracheal instillation of plasmid/lipid complex. Moreover, the intratracheal administration of cationic liposomes yielded an inflammatory response that might be associated with the release of reactive oxygen intermediates resulting in pulmonary toxicity [24] . Animals from groups D, E, and F that died presented greater inflammatory processes with neutrophil infiltration and areas of hemorrhage (Fig. 4) .
In the present study, pulmonary mechanics were analyzed using the end-inflation occlusion method in surviving animals from the CTRL, DNA, A, B, C, D, E, and F groups. This method allows the analysis of lung resistive and viscoelastic pressures, and static elastance. E st,L , P 1,L , P 2,L and P tot,L were similar in all groups (Table 2) .
To evaluate lung inflammation we analyzed the fractional area of alveolar collapse and lung cellularity and there was no difference among the groups for these parameters ( Table 3 ). The lipopolymers were administered intratracheally to study the effect of this particular system. As expected, pDsRed2-N1 plasmid was detected through real-time PCR in the lungs in all groups of mice that were administered DNA (data not shown).
In conclusion, intratracheal instillation of polymerized particles seems to be safe compared with nonpolymerized formulations since it showed higher survival rate and did not induce lung inflammation. Thus, this polymerized particle may be an option for gene/drug delivery in the future.
